Intermittent hypoxia (IH) associated with sleep apneas leads to cardiorespiratory abnormalities which may involve altered neuropeptide signaling. The effects of IH on neuropeptide synthesis have not yet been investigated.
INTRODUCTION
Hypoxia (decreased O 2 availability) is encountered under a variety of physiological and patho-physiological situations. It can be either continuous hypoxia (CH; e.g., during high altitude sojourns) or intermittent hypoxia (IH; e.g., during recurrent apneas). While humans and other organisms adapt to CH, IH associated with sleep apneas leads to cardiovascular abnormalities such as stroke, myocardial infarction and hypertension (for references see 22) . Available evidence indicates that hypoxia affects a variety of cellular processes including the synthesis of various neurotransmitters in the central and peripheral nervous systems. For instance, the enzyme activity of the monooxygenases such as tyrosine and tryptophan hydroxylases, the rate-limiting enzymes for the synthesis of catecholamines and serotonin, respectively, was altered by CH and IH involving transcriptional and/or post-translational mechanisms (4, 6, 12, 21, 27, 28) .
In addition to biogenic amines, neuropeptides also play critical roles in neurotransmission acting either as transmitters or modulators. It is conceivable that intermittent and continuous hypoxia, similar to their effects on the synthesis of biogenic amines, may alter signaling evoked by neuropeptides by directly affecting their synthesis. It is likely that some of the patho-physiology associated with IH may in part be due to altered neuropeptide signaling. A large number of mammalian-(2, 14) and insect-(11) derived neuropeptides require carboxyterminal α-amidation for their biological activity. Consequently, α-amidation is considered as the rate-limiting step in the synthesis of many neuropeptides. 
MATERIALS AND METHODS

MATERIALS
METHODS
The Institutional Animal Care and Use Committee approved the animal handling and experimental protocols. The studies were performed with adult male Sprague-Dawley rats weighing 200-230g.
Exposure to hypoxia
Rats were exposed to IH as described previously (18). Animals housed in feeding cages were placed in a chamber and exposed to alternating cycles of infrared analyzer (Beckman model LB-2). The duration of the gas flow during each hypoxic and normoxic episode was regulated by timed solenoid valves. Age matched rats exposed to normoxia for 10 days served as controls.
To determine the effects of CH, rats were placed in a pressure chamber and exposed to hypobaric hypoxia (0.4 atm) for 10 days. The animals were exposed to room air for 15 min every day for cage cleaning and replenishment of food and water. Control animals were maintained in the same room side by side with the pressure chamber and received identical care.
In experiments wherein the role of reactive oxygen species (ROS) was assessed, rats were given manganese (III) tetrakis (1-methyl-4-pyridyl) porphyrin pentachloride (MnTMPyP; 5 mg/kg/day; I.P.) daily prior to exposure to IH. Rats exposed to normoxia receiving either saline or saline + MnTMPyP served as controls. Acute experiments were performed within ~16h after terminating either IH or CH exposures in rats anesthetized with urethane (1.2g/kg, Sigma; I.P.), and the surgical plane of anesthesia was assessed by the absence of limb withdrawal reflex in response to noxious pinching of toes.
Tissue processing
Whole brain tissues were removed from anesthetized rats, frozen in liquid nitrogen and stored at -80°C until further analysis. In the experiments involving analysis of various brain stem regions, prior to experimentation, brain was thawed and dorsal and ventral pons and medulla were dissected under ice-cold condition.
To assess the total enzyme activity of PAM comprising both membranebound and soluble forms, either whole brainstems or various brainstem regions were homogenized at 4°C in 10 volumes of 20mM TES buffer, pH 8.5 containing 1% (V/V) Triton X-100 and complete protease inhibitor cocktail using a glass homogenizer. The homogenates were frozen and thawed three times and For the measurement of PHM activity, the procedure described above for PAM was used except that the reaction was carried out for 15, 30 and 45 min. NDan-Tyr-Val-hydroxyglycine, the product of PHM-mediated activity, was 
Kinetic analysis
To determine the K m for the peptide substrate, the concentration of N-DanTyr-Val-Gly-COOH was varied from 0.02 to 20µM with a fixed concentration of Cu 2+ (2µM) and ascorbate (3mM). The K m was determined using a LineweaverBurke plot. The V max was estimated from the reaction velocity at infinite substrate concentration and was expressed as picomoles of product formed per hour per milligram protein.
To evaluate ascorbate-, and Cu 2+ -dependent activation of PHM, the concentration of ascorbate was varied from 0 to 3mM whereas that of Cu 2+ was varied from 0 to 10µM and PHM activity was assayed as described above.
Immunoblot analysis
The brainstems were extracted in 20mM TES buffer, pH 8.5 containing 1%
(V/V) Triton X-100 and complete protease inhibitor cocktail to prevent activation of proteases during extraction. Thirty five microgram protein equivalent of the control and IH brainstem extracts containing both the soluble and membranebound forms of PAM were separated on 10% polyacrylamide slab gels containing sodium dodecyl sulfate and transferred to PVDF membrane using Bio-Rad Semidry apparatus. The transfer efficiency of proteins was assessed using brief Ponceau S staining. Subsequently, the membranes were incubated with an anti-PHM polyclonal antibody (JH1761; 1:1000 dilution) followed by anti-rabbit IgG conjugated to horseradish peroxidase (1:10000 dilution). The specificity of the antibody was assessed by blocking the antigenic sites of the antibody with 9 µg/ml of purified PHM (PHMccQ/A). Both PHM antibody (JH1761) and purified PHM were kindly provided by Dr. Eipper. The immunoreactive PHM related protein bands were identified using ECL detection kit from Amersham
Biosciences and documented using a Versadoc Imaging System (Model 3000)
from Bio-Rad. The relative band intensities were quantified using the ImageJ software.
Endoprotease activity
For the analysis of endoprotease activity, cell-free extracts were prepared from the brainstem of control and IH rats in 20mM TES buffer, pH 8.5 containing only 1% Triton X-100 without any protease inhibitors. Endoprotease activity, with cleavage specificity for peptide bonds comprising basic amino acids, was measured using N-benzoyl-arginine-p-nitroanilide (BAPNA) as substrate (16).
The assay mixture contained 50mM Tris-HCl buffer, pH 8.5, 20mM CaCl 2 , 0.2mM
BAPNA and suitable aliquot of the tissue extract. The enzyme activity was monitored at 25°C by measuring the rate of increase in the absorbance at 410nm
with a Shimadzu UV-2401 PC spectrophotometer. One unit of endoprotease activity is defined as the amount of enzyme required to release one micromole of p-nitroaniline per minute. The concentration of p-nitroaniline was calculated using a molar extinction coefficient value of 8,800 M -1 cm -1 at 410 nm.
Lipid oxidation
The brainstem was homogenized in 20mM phosphate buffer, pH 7.4 and the homogenate was centrifuged in an Eppendorf microcentrifuge at 500 x g for 10min at 4°C. The level of lipid oxidation was determined as thio-barbituric acid reactive substances (T-BARS) following the procedure as described (13, 19, 26) . 
Aconitase activity
Cytosolic and mitochondria-enriched fractions of brainstem were prepared using procedures as described previously (13, 30) . Aconitase enzyme activity was determined spectrophotometrically in the cytosolic and mitochondrial fractions of the brainstem using a coupled enzyme assay as described previously (13, 30) and expressed in micromoles of NADPH formed per min per mg protein.
The molar extinction coefficient of NADPH is 6.22 x 10 3 M -1 .cm -1 at 340 nm.
Protein assay
The protein concentrations of the whole tissue extracts as well as the cytosolic, mitochondrial and membrane-enriched fractions were determined using protein assay kit from Bio-Rad and bovine serum albumin as the standard.
Enzyme immunoassay (EIA) analyses of SP and NPY
Brainstems were harvested from the control and IH exposed rats, homogenized in 0.1M acetic acid (500 µL) containing protease inhibitor cocktail (Roche). The acid extract was centrifuged at 15,000 x g for 20min at 4°C and the pellet was re-extracted by sonication (1x15s) in half the original volume of 0.1M acetic acid (250µL) and centrifuged. The supernatants from the two extracts were combined for subsequent peptide purification using SepPak columns. The To determine whether IH-evoked increase in PAM activity in the soluble fraction of the brainstem is due to changes in either PHM or PAL activity, PHM and PAL activities in the soluble fraction were measured using procedures outlined in the methods. In the normoxic control brainstem, PHM activity was 3-fold lower than PAL activity (Fig. 1B and C) . IH selectively increased PHM activity in the soluble fraction in a time-dependent manner similar to its effect on PAM activity whereas PAL activity was unaffected (Fig. 1B and C) . Thus, these observations demonstrated that IH uniformly increases PHM activity in all the brainstem regions examined albeit to different degrees. Therefore, whole brainstem extracts were employed for subsequent mechanistic investigations.
Effect of IH on PHM protein expression
Western blot analysis was performed to assess whether IH-induced increase in PHM activity is due to up-regulation of PHM protein using anti-PHM polyclonal antibody that recognizes multiple PHM-related proteins. Analysis of total extracts of control brainstem prepared with 20 mM TES buffer, pH 8.4
containing 1% Triton X-100 revealed a relatively higher level of expression of 55-kDa protein compared to either 65-or 42-or 35-kDa forms (Fig. 3A) . Preabsorption of the antibody with purified PHM (PHMccQ/A) abolished immunostaining of all the four protein bands indicating that these multiple proteins truly represent truncated forms of PHM. In IH extracts, the relative abundance of 42-and 35-kDa forms of PHM increased by ~1.6 and ~2.7-fold respectively (p<0.01; n =4; Fig. 3B ). Given that PAM undergoes tissue specific proteolytic processing (1), the above results suggest that IH increases proteolytic processing of PHM.
In vitro proteolytic studies with recombinant PAM have shown that trypsin generates 35-kDa form of PHM, which exhibits greater PHM activity than intact PAM (8, 9) . A potential increase in endoprotease activity with cleavage specificity for peptide bond containing basic amino acid residues would account for the increased generation of 35-kDa of PHM by IH. To test this possibility, endoprotease activity was determined in the control and IH brainstem extracts prepared in the absence of any added protease inhibitor cocktail. In the control brainstem, endoprotease activity averaged 6+0.8 and µmole/min/mg protein (n=4; Fig. 3C ), which could be completely inhibited by soybean trypsin inhibitor (data not shown). In IH brainstem extracts, endoprotease activity was 2.2-fold higher than controls (p<0.01; n =4; Fig. 3C ).
Effects of IH on the kinetic properties of PHM
We determined the K m and the V max of the PHM activity in the soluble fraction of control and IH brainstem extracts. In the control brainstem, the K m for the synthetic substrate (N-Dan-Tyr-Val-Gly-COOH) was 2.5 µM and remained the same for IH brainstem extracts. On the other hand, the V max for PHM activity increased by 3.2-fold in IH brainstem extracts (NOR, 12.1 + 0.6 pmol/h/mg protein; p<0.01; n=4).
The co-factors, ascorbate and Cu 2+ , are necessary for the optimal activity of PHM. If IH-induced increase in PHM activity is in part due to structural alterations in and around the "active site" of the enzyme then changes in PHM activity in vitro in response to a given concentration of either ascorbate or Cu
2+
will be different between the control and IH brainstem extracts. To test this possibility, PHM activity in the control and IH brainstem extracts was determined in the presence of increasing concentrations of ascorbate (from 0 to 3 mM) while maintaining the concentration of Cu 2+ constant. In the control brainstem, ascorbate induced a 12-fold increase in PHM activity whereas a comparable concentration range of ascorbate increased PHM activity by ~ 32-fold in IH brainstem (p<0.01; n=4; Fig. 4 ). On the other hand, Cu 2+ -dependent activation of PHM was found to be similar both in the control and IH brainstem extracts (data not shown).
Effect of IH on reactive oxygen species (ROS) generation in the brainstem
ROS generation is increased in cell cultures (30) and in central and peripheral tissues of rodents (13, 18, 26, 29) MnTMPyP had no effect on T-BARS and aconitase activities in the control brainstem extracts (n=5).
Anti-oxidant reverses IH-evoked increases in PHM and endoprotease activities, PHM processing and α-amidated SP-LI and NPY-LI levels
The above described observations suggest that IH increases the generation of ROS in the brainstem. The following experiments were performed Contrary to our expectation and unlike the response to 10d of IH, 10 days of CH had no significant effect on PHM activity. Although both IH and CH result in decreases in arterial blood O 2 , IH seems to be an effective stimulus for activating PHM than CH.
As an initial step towards assessing whether IH-induced effects on PHM exhibit regional variations in the brainstem, we determined PHM activity in the dorsal and ventral medulla as well as pons. IH uniformly increased PHM activity in the dorsal and ventral pons and medulla, although basal PHM activity varied in these regions. While these observations indicate no significant global regional differences, they, however, do not exclude the possibility that potential variations between 369-392 residues in the PHM domain (7), and therefore, an increase in endoprotease activity having specificity for basic amino acid containing peptide bonds could potentially contribute to IH-evoked proteolytic processing of PHM.
The finding that IH increased endoprotease activity in the brainstem supports such a possibility. Since IH-induced proteolytic processing is likely to occur within the lumen of the secretory pathway, it remains to be determined whether IH alters endoprotease activity in the immature secretory granular fraction of the brainstem. Recent studies reported that chronic IH increases ROS in the peripheral (13, 18) and in the central nervous systems (26, 29) as well as in cell cultures of neuronal phenotype (30) . ROS mediated signaling plays a critical role in eliciting systemic and cellular responses to IH (13, 17, 18, 22 independent experiments are shown as mean + S.E., **P < 0.01; n.s., not significant (P> 0.05). experiments are shown as mean + S.E., *P < 0.05 and **P < 0.01. Effect of IH on ascorbate-dependent PHM activity (ascorbate, 3 mM). Average data from four independent experiments are expressed as mean + S.E., **P <0.01. 
